A model of plastic strain accumulation, wear, and rolling contact fatigue (RCF) crack initiation in rail steel has been developed. Local to the contact zone, material is subject to severe cyclic stresses taking it beyond yield and leading to incremental accumulation of plastic deformation (ratcheting). This model is based on a ratcheting law derived from twin-disc, rollingsliding contact experiments and can simulate thousands of ratcheting cycles with corresponding strain hardening.
INTRODUCTION
Rails in service are subject to damage from each passing wheel. Wear of material causes railhead profile change, which can adversely affect train dynamics and ride quality, and correction of the profile is one reason for regular grinding of rails. Eventually, the loss of material through wear and grinding will require the rail to be replaced.
Unlike wear, from which the damage is visible and thus relatively safe, cracks in rails are often difficult to detect, and potentially dangerous if left to grow. There is a balance between wear and surfaceinitiated rolling contact fatigue (RCF) cracks; some wear can reduce RCF by removing newly initiated cracks. For instance, on rail curves the wheel makes contact at the gauge corner of the rail. RCF cracks have been observed to initiate just above the gauge corner, away from the zone of maximum wear, which is at or just below the gauge corner ( Fig. 1 ). Grinding will also remove short cracks, and shorten the rest and, if performed sufficiently frequently, can be used to prevent, or at least control, cracks in rails. Procedures have been developed to optimize rail life by controlling the balance between wear and crack growth by profile grinding and lubrication regimes; this work has been comprehensively summarized by Grassie [1] .
A computer simulation has been developed, which models the accumulation of plastic shear strain leading to ductility exhaustion (i.e. ratcheting failure). The purpose of the simulation (the 'brick' model, described in detail in a companion paper [2] ) is to predict wear and crack initiation in rails. However, in order to provide accurate predictions, the model requires detailed material properties of rail steel and an understanding of how the microstructure deforms. Most rails in service are made from pearlitic steel grades that can have a range of compositions and heat treatment procedures (such as accelerated cooling from the rolling temperature) which are designed to refine the microstructure in the head of the rail; these refinements cover the prior-austenite grainsize, pro-eutectoid ferrite content, and pearlite lamellae spacing. One of the aims of the present work, therefore, is to provide an analysis of pearlitic rail steel microstructure and metallurgy based on samples of rail that have been in service, and also on a series of controlled twin-disc tests for input into the model. Some of the factors affecting rail degradation have been discussed in a previous paper [3] , where electron microscope observations and nano-hardness tests indicated proportionally more strain-hardening of the ferrite phase in degenerated rails taken from service, thus indicating the importance of fully understanding the behaviour of the microstructural constituents.
To examine microstructural changes related to RCF more fully, particularly ferrite and pearlite strain, a rolling -sliding contact, twin-disc test machine was used to simulate wheel -rail contact. Test discs were assessed with both a (as-manufactured) rail microstructure and with (heat-treatment) alterations to that structure, so as to both minimize and maximize the ferrite content. All the rail-based discs were run against discs machined from the rim of a railway vehicle wheel.
TWIN-DISC TESTS
'Rail' discs were sourced from the head of a length of unused rail (to rail track specification RT/CE/S/061 Grade 220 f1996g) and 'wheel' discs from a wheel rim (to specification BS5892-3 Standard Grade R8 f1992g). Rail discs were cut transversely across the railhead (in order to give similar grainflow around a test disc circumference). Discs produced from the rail without further heat treatment are identified as 'RN' and from the wheel as 'WN'.
Additional rail discs were heat-treated in a vacuum furnace with controlled inert gas flows to control cooling. [4, 5] at the University of Leicester, and further improved by Fletcher and Beynon [6, 7] at the University of Sheffield. Details of the equipment and test method can be found in these papers. It was built to assess the wear and RCF of railway rail and wheel steels, with a far more accurate, realistic control of contact stress, and creepage than standard twin-disc machines. Prior to testing, disc track surfaces were checked on SUROS by an eddy current probe for any large surface and near-surface inclusions, or any discontinuities (i.e. any spurious signals), which might adversely affect test results.
All rail discs were run in line-contact against discs cut from across a wheel rim, with wheel discs moving at the higher speed, hence rolling and sliding were in opposite directions at the rail disc surface, giving negative creepage. Fatigue tests were run-in dry for an initial 500 revolutions and then (filtered, distilled) water was added to the contact at one drip per second. The 500-cycle dry period has been found to reduce fatigue life [6] through generation of high shear stress at the disc surface, thereby increasing the rate of ratcheting strain accumulation above that for lower friction water lubricated conditions. The very early stage of strain accumulation to the point of ductility exhaustion and crack initiation is thereby compressed into a shorter period. Cracks were detected and located by a scanning eddy current probe, focused on 1 mm of the 10 mm disc track width, and calibrated using a spark eroded crack of known size. All tests were at a creepage of 21 per cent and a maximum contact stress of 1500 MPa, a stress typical for moderate curving wheel -rail contact (M. B. P. Allery, 1986, personal communication). For the three rail disc microstructural conditions (RN, R84, R115), at least two tests were run to RCF failure. Additional single tests were carried out at 10 and 25 per cent of average RCF life, and at 250 and 500 dry cycles, to assess the strain accumulation of the constituent microstructural phases.
Three sections have been taken from all but one disc; these were mounted and polished for microscopy. First, a circumferential section was taken along the wear track, with the fatigue failure discs, at the indicated crack location, both circumferentially and across the wear track width and for prefailure discs, at the centre of the wear track width at a random circumferential location. Two transverse sections were cut, flanking each circumferential section. These were used for micro-hardness and selected nano-hardness tests, respectively. For micro-hardness assessments at a load of 100 g, an average of three readings at each depth was taken. Any readings on, or near, microcracks were discarded. Readings at 10 mm depth were crosschecked with measurements with a 1000 g load.
For nano-hardness assessments, a grid of 200 indents was made (in a sealed chamber Ã ), parallel to the surface, at 10, 200, 500, and 5000 mm depths, respectively. A load of 30 mN (3.06 g) was used. Sections were then etched in 1 per cent Nital and each indent location mapped with regard to microstructural features. Only normal rail (RN) and maximized ferrite (R84) discs were assessed; ferrite areas in the minimized ferrite phase discs (R115) were too small for meaningful testing.
RESULTS OF METALLURGICAL INVESTIGATION

Chemical analysis
Chemical analyses of the used rails referred to in this paper, plus rail and wheel material used for SUROS test discs, are shown in Table 1 , together with respective specifications. The nitrogen and oxygen levels of the 1967 rail 'D' fell well outside the modern '220 grade' rail specification. The rail used for SUROS test discs was well within the '220 grade' specification.
Examination of rails taken from service
Rails taken from service with RCF cracking were sectioned axially, transversely, and normal to primary crack alignments, this latter, angled direction being determined by the combination of longitudinal, transverse, and spin creepage at that part of the rail surface. These angled sections show the true regularity of crack formation, and a detailed review of these examinations will be reported on separately; some results are shown in reference [3] . An example pertinent to this work was rail 'D'. This was manufactured in 1967 and removed from track in 2000. It had a network of RCF cracks just above the gauge corner ( Fig. 2(a) ). The microstructure was transformed from roughly equiaxed pearlite, with non-continuous proeutectoid ferrite in the core ( Fig. 2(b) ), to a highly strained matrix aligned near-parallel to the surface, immediately subsurface ( Fig. 2(c) ). This figure also shows a surface flake/crack initiating down the edge of a flattened zone of pro-eutectoid ferrite, plus the oxidized tip of a fatigue crack, 0.66 mm long, which also appeared to be propagating along a pro-eutectoid ferrite band. The observations from the rails removed from service indicate that the pro-eutectoid ferrite can influence the fatigue crack initiation and early propagation stages, in agreement with other work [3] . Consequently, the effect of pro-eutectoid ferrite volume fraction on fatigue crack initiation life and crack initiation was investigated.
Twin-disc tests
Microstructures of the rail used, in its original state and in the two heat-treated conditions, are shown in Fig. 3 , together with that of the wheel disc. Material properties and fatigue life results are shown in Tables 2 and 3, respectively. Note that for all three-rail microstructures, pro-eutectoid ferrite does not completely surround pearlitic areas; it is non-continuous (in these two dimensional views), but there can be a considerable extent of ferrite along the boundary which can be aligned with strain to facilitate crack growth. Table 3 shows that the R115 discs had a longer mean fatigue life than the RN and R84 discs; however, there was also greater variability between the fatigue lives for the four R115 discs. Previous assessment of uncertainty in results from the SUROS machine [6] showed that four identical tests of the dry -wet pattern used here produced fatigue lives within approximately +2000 cycles of one another. A similar series of five tests using water lubrication alone showed almost the same level of variability, except for one case with drastically reduced fatigue life (,50 per cent of the mean for the other four tests). This indicates that occasional cases of drastically different fatigue life are possible, but that the spread in lives seen here is unlikely to be due to the testing method alone. A possible cause can be found in the traction coefficient for the two low life tests which was uncharacteristically high when compared with the other tests. Also, singular defects rather than the multiple flakes seen for the other discs were produced in the short life tests. Whether these differences and the consequent spread of fatigue lives are characteristic of the higher hardness steel with minimized ferrite content remains to be investigated.
From circumferential sectioning of one of the two 'low life' R115 discs, it was found that the RCF crack length following testing was considerably shorter when compared with the other discs, although this gave a similar crack growth rate (determined by the crack length divided by the number of cycles) to the 'long life' R115 discs. The shorter fatigue lives for the R84 discs were found to be associated with faster crack growth rates confirming that the different microstructural conditions have a significant effect on fatigue life. The difference in crack length at the end of the tests is a consequence of defining fatigue life using the eddy current crackdetection method, which is influenced by surface roughness, number of cracks present, and plastic deformation of the near surface steel, as well as the depth of cracks. Full results from the circumferential sectioning will be presented elsewhere [8] . Surface RCF crack initiation features were similar to those seen on rail with early RCF damage. Initial observations from circumferential microsections indicate that numerous fatigue cracks in the detected 'defect zone' had initiated along highly strained, pro-eutectoid ferrite band boundaries. Crack propagation direction appears primarily determined by the strain field, however, many crack path diversions along the edges of strained pro-eutectoid ferrite bands were observed, with occasional branching to strain-flattened MnS-based inclusions ( Fig. 4) .
Comparative micro-hardness results for rail disc material conditions are shown in Fig. 5 together with respective fatigue lives. Although the fatigue lives possibly reflect pro-eutectoid ferrite content and/or core hardness (cf. Tables 2 and 3), in the region of the fatigued surface and near-surface, all except one of the micro-hardness curves fall within a common 'envelope'. There is no longer a clear differentiation between material condition, yet these limited results indicate that fatigue lives are distinctly different, i.e. the 'lower hardness/higher pro-eutectoid ferrite' material has strain-hardened to a similar level to the higher hardness material showing greater percentage hardening. (The nontypical micro-hardness result was for one of two lower lives, R115 discs. The other disc was kept complete as a reference disc and therefore not sectioned and tested.)
With the RN and R84 disc nano-hardness results, for each of the disc types, at the core depth of 5000 mm where 150þ indents fell fully within the pearlite phase, results were normalized to the mean to give a common core pearlite hardness, in order to offset slight differences due to sample preparation and equipment variables. Note that the percentage hardness increase for each phase is not affected by normalizing the data. The strain hardening of the pearlite and pro-eutectoid ferrite phases, as reflected by percentage hardness increase over core hardness, at the respective measurement depths for each test type, are shown in Table 4 . Unfortunately, only a few indents fell fully within the pro-eutectoid ferrite phase, particularly near-surface where this ferrite was strain-flattened. Some results, where there were sufficient comparative pro-eutectoid ferrite data, are shown in Fig. 6 . The progressive strain hardening of the pearlite phase during running-in is shown and these limited results indicate that the percentage mean pro-eutectoid ferrite hardness increase, in the zone of maximum strain-hardening at around 200 mm subsurface and near-surface, is higher than that of the pearlite phase, as observed with worn rail examination [3] .
DISCUSSION OF METALLURGICAL INVESTIGATION
In addition to standard longitudinal and transverse sectioning, angled sectioning of the area of rail profile most susceptible to RCF cracking, normal to the primary RCF crack alignments, showed the regularity of the cracks that form, with crack propagation generally following the pattern of matrix strain.
Comparative assessment with results from twindisc tests, with linear contact, was facilitated by this angled sectioning of rail. The trafficked rail sections have shown that many surface micro-cracks initiate along the boundary of highly strained, pro-eutectoid ferrite phase and the pearlite phase. Although subsequent crack propagation within the plastically deformed near surface layer is primarily strain-field driven, cracks have been observed to divert along highly pro-eutectoid ferrite boundaries, thus indicating that they facilitate propagation. Similar initiation and propagation behaviour has also been observed recently with other work using SUROS discs [9] . Past work on rails removed from service [3] indicated a higher percentage of strain hardening in the pro-eutectoid ferrite phase with consequent ductility exhaustion To explore this further, discs cut from standard railhead were tested on the SUROS twin disc machine in three microstructural conditions, standard, reduced pro-eutectoid ferrite, and increased proeutectoid ferrite. Heat-treatments which gave these conditions also generated a difference in hardness; however, this initial hardness difference between the material conditions was reduced as the material strained approaching the surface, and in the zone of maximum near-surface strain, all material hardness was broadly similar (Fig. 5 ). With the nano-hardness tests, the pro-eutectoid ferrite phase percentage strain hardening was more than that of the pearlite phase, even though highly strained areas of proeutectoid ferrite near-surface were too flattened to be measurable by this method. (Some indents were measured in thicker near-surface, strained proeutectoid ferrite grain boundary areas, which were normal to the strain direction.)
Behaviour of constituent phases in low to high carbon, ferrite -pearlite microstructures under tensile stress/strain have been previously examined in some depth [10] [11] [12] , but not their behaviour under mixed compression/shear conditions, as experienced by rail in service. It was shown that where there was a continuous pro-eutectoid ferrite network, the ferrite would strain harden first prior to any hardening in the pearlite. The higher the hardness difference between the phases, the more the prior strain hardening of pro-eutectoid ferrite. In standard rail steels, the pro-eutectoid ferrite is partially discontinuous and partial straining of some ferrite areas would start before the strain-hardening of the pearlite phase, dependent upon alignment with respect to loading and whether pearlite nodules impinged upon others with no continuous ferrite between.
With high carbon steels in the fully pearlitic (lamella) and spherodized conditions, it was found [11] that the former has the higher work hardening rate as the geometric constraint of the lamella structure effected more of a constraint on the (lamella) ferrite and the generation of more dislocations. Compared with other forms of mechanically tested structures, compressive rolling-sliding results in pro-eutectoid ferrite being highly strain-flattened and thus highly 'restrained' by the pearlite, thus increasing dislocation build-up in the pro-eutectoid ferrite, particularly at boundaries, in a manner approaching that of the pearlitic lamella ferrite.
Some work has been done to look at mechanical properties of near-eutectoid (fully pearlitic) rail steel under rolling-sliding conditions by a specialized test method [13] and more recent work has examined the crystallographic changes in the pearlitic lamella ferrite approaching the rail surface [14] . Whereas Eden et al. [3] observed (with scanning electron microscopy), approaching a worn rail surface, substructures forming in pro-eutectoid ferrite well before any deformation of the pearlite phase, Satoh and Iwafuchi [14] also observed (with transmission electron microscopy) substructures forming in the lamellae ferrite of the pearlite phase, prior to deformation of that phase being apparent. The fatigue life results from the twin disc tests (shorter life for the microstructures containing the higher fractions of pro-eutectoid ferrite), coupled with the findings by Karlsson and Lindén [10, 11] , indicate that the thicker the initial areas of proeutectoid ferrite the higher the degree of straining in these regions (due to the lower constraint factor of the more rigid surrounding pearlite), hence the earlier strain exhaustion and crack initiation.
It should be noted that with a traction coefficient generated by water lubricated contact (0.22), maximum matrix strain will be subsurface. However, sub-surface crack initiation is inhibited by compressive and residual stresses. At the immediate surface, there are roughness generated microregions of high strain, which are not constrained, hence crack initiation is much more probable at the surface. This is reflected in the modelling described subsequently. It should also be noted that this work has not addressed the effect on RCF crack propagation by liquid impingement. As all tests were similarly run-in dry and then water lubricated, therefore, this was not a test variable. Several authors [15 -19] have shown that 'lubricant' within RCF cracks (mainly water or flange lubricants in the case of railways) can drive and accelerate crack growth on the slower moving (rolling -sliding contact) surface. Crack pressurization by trapped fluid and reduction of crack face friction by fluids (thereby facilitating shear mode crack growth) are among the possible mechanisms of this acceleration. The rail examinations, particularly angled sectioning, showed that ductile MnS-based inclusion 'stringers', axially aligned, become flattened to disc shapes where the maximum strain vector is not axial. Past work [5] has shown that these can become 'planes of weakness' with high transverse creepage. However, with the 1 per cent creepage and (lubricated contact) traction coefficients used for these disc tests, this was not too significant, although occasionally strain flattened MnS was seen to facilitate crack propagation. Other authors [20, 21] have shown that rail RCF life is affected by MnS inclusion content. The 220 grade rail used for the disc tests was relatively free of brittle oxide and silica-based inclusions and no interaction with RCF cracking was observed. Investigation of the effect of inclusions is ongoing; this paper examines the role of pro-eutectoid ferrite content at prior austenite grain boundaries.
It is clear that the changes within the constituent phases of the rail steel microstructure (pro-eutectoid ferrite and pearlite), when progressively strained by rolling -sliding cyclic loading, are fundamental to the fatigue behaviour of the rail. Data from these metallurgical examinations and tests described earlier are being incorporated into the micromechanics computer model.
COMPUTER SIMULATION
The 'brick' model, described in detail in references [2, [22] [23] [24] , simulates accumulation of plastic shear strain in the rail or disc. This process of strain accumulation, leading eventually to ductility exhaustion and material failure, is plastic ratcheting [25, 26] . Twin-disc testing or wheel -rail contact can be simulated in this way. In the 'brick' model, a cross-section, parallel to the direction of traction, is represented as a mesh of rectangular elements (or 'bricks'). In order to model the rail steel microstructure, each element is assigned a material type and related properties, in particular the initial hardness of the material and how much plastic shear strain can be accumulated before the element's ductility is exhausted and the material 'fails'. Twin-disc testing or wheel -rail contact can be simulated in this way. With each load pass, each element in the model is subject to a stress cycle, and if the maximum orthogonal shear stress (in the plane of the mesh) exceeds the element's shear yield stress (which increases as the material hardens) then there is an increment of plastic shear strain proportional to the difference. This process of strain accumulation is plastic ratcheting. Under certain conditions, elements that are exposed to the surface can be removed as wear debris, and thereby the wear rate can be estimated. The computer simulation has also been used for predicting crack initiation [27] .
A simple representation of pearlitic rail steel microstructure has been developed for the model. The elements are assigned materials according to a hexagonal pattern; the inside of each hexagon represents a grain, in this case 'pearlite', and the border of the hexagon represents pro-eutectoid ferrite at the prior austenite grain boundary. The width of the grains and the thickness of the boundaries are 60 and For RN at '25 per cent life' and 'full life' no indents fell fully within pro-eutectoid ferrite at 5000 mm depth, therefore percentage hardness increase could not be assessed.
4 mm, respectively. The elements themselves are squares of side 1 mm. (In order to model pearlite properly as a lamellar structure of cementite and ferrite, a smaller element size would be necessary.) On the basis of the cross-section of the RN disc in Fig. 4 and the nano-hardness data in Fig. 6(b) , two materials, 'pro-eutectoid ferrite' and 'pearlite', have been defined with initial (nominal) hardness values 250 kgf/mm 2 and 370 kgf/mm 2 , respectively, based on the measured nano-hardness at 5 mm depth (see note on h below). The hardening law used by the model relates hardness to the initial hardness (H 0 ) and the accumulated strain (g)
where b controls how much the material hardens.
(Additional parameters can be added to this equation to tune the model.) By assuming that the proeutectoid ferrite has fully hardened by the end of test D (as cracks are first observed in the circumferential sections of these samples) and that the shear strain angle at depth of 200 mm in the pearlite at the end of test B is 608 (measured from micrographs), the value of b for pro-eutectoid ferrite and pearlite is estimated as 1.48 and 1.55, respectively. (As the results of the twin-disc tests are analysed in more detail, the accuracy of these assumptions and estimates will be improved.) Both materials are defined to fail at an average critical plastic shear strain of 11, i.e. a strain angle of 858; this parameter is estimated from micrographs of strained microstructure, but with considerable uncertainty. When the mesh is generated, values for the initial hardness and critical strain are sampled from a Gaussian distribution; the standard deviation for hardness is 15 per cent of the mean and for critical strain 5 per cent of the mean.
When calculating the ratcheting strain increment, the model uses the ratio of the orthogonal shear stress to the shear yield stress (k). The shear yield stress is assumed to be proportional to the measured hardness
where h % 0.8 Â 10 6 based on the twin-disc results. Nano-hardness values are higher than microhardness values, which are themselves higher than macro-hardness values; the constant h represents a scaling factor (or normalization factor) of 0.4 in addition to the conversion from Vickers hardness to shear yield stress (unit: Pa). A number of simulations representing the twin-disc experiments have been performed using the 'brick' model and the above material definitions. The peak pressure is 1500 MPa, the semi-contact width 0.3 mm, and, from measurements, the friction/traction coefficient varies following the pattern shown in Table 5 . Surface microroughness causes the surfaces to make contact at asperities and results in very high local stresses in the near-surface material; the effect Figure 7 shows the variation of average subsurface shear strain with depth for a range of test durations. There is a large peak in the strain very close to the surface; this is caused by surface roughness. The other peak in the strain corresponds to a peak in the maximum orthogonal shear stress, which is subsurface for the friction coefficient 0.22 used to simulate water-lubricated contact. For the pro-eutectoid ferrite, the subsurface strain peak saturates at the critical shear strain for failure (i.e. 11) sometime between 10 000 and 20 000 cycles; this suggests that by 20 000 cycles, there is a high probability of crack initiation to a depth of at least 200 mm. For the pearlite, less strain has accumulated.
The RN tests show that the deepest crack for test B, at 14 013 cycles, is 437 mm, and for test C, at 19113 cycles, is 710 mm. In both cases, the crack is significantly deeper than the predicted initiation depth, suggesting that there has been crack growth by another mechanism following earlier initiation by ratcheting failure (e.g. propagation facilitated by trapped lubricant). Figure 8 shows the corresponding variation of average hardness with depth. The hardness increases with number of cycles, up to about 10 000 cycles; there is no significant hardening during the period from 10 000 to 20 000 cycles. The average wear rate predicted by the model during this period is 0.38 nm/cycle.
The predicted shear strain and hardness are a close match to those observed in the twin-disc tests. However, in contrast to the micro-hardness data in Fig. 5 which predicts the peak hardness at depths in the range 150-180 mm, the model predicts peak hardness at 120 mm; this needs further investigation. Further analysis of the twin-disc results will be used to refine the parameters and further calibrate the model. Fig. 7 A snapshot of the simulation showing the sheared hexagonal microstructure is given in Fig. 9 . The elements are shaded according to the amount of strain they have accumulated, so the pro-eutectoid ferrite areas at the prior austenite grain boundaries appear relatively dark. Because the pro-eutectoid ferrite elements accumulate strain faster, if the stresses are high enough for failure to occur then the proeutectoid ferrite fails sooner. A failed element is material in which crack initiation is likely, and, therefore, the pro-eutectoid ferrite zones at prior austenite grain boundaries provide clear paths for cracks to initiate along. (In fact, this is an overly simple interpretation. In practice, cracks are more likely to initiate along the interface between a pro-eutectoid ferrite region and a pearlite region where there is a sharp difference in strain. This aspect of the model needs further work.)
The regularity of the hexagonal microstructure is problematic when considering crack growth. If the deformed pro-eutectoid ferrite boundaries create an easy path for crack initiation and propagation, then the hexagonal arrangement of prior austenite grain boundaries will present no obstacle to crack growth. In a more realistic microstructure, such as the artificial microstructure shown in Fig. 10 , the grain boundaries are not aligned in a regular pattern. Cracks that initiate along one pro-eutectoid ferrite delineated boundary will often meet an obstacle to growth. (Once cracks reach a certain length then they are no longer controlled by microstructural features.) This is even more important when considering crack growth in a three-dimensional microstructure, as the real opportunities for, and obstacles to, growth may be very different from what can be seen in the cross-section.
Another restriction of the current model, which prevents microstructures with different amounts of pro-eutectoid ferrite from being compared, is that the material elements deform independently. As such, the model is most representative of a steel with a high content of pro-eutectoid ferrite. In harder steels (such as premium pearlitic rail steels or the R115 studied here), where the pro-eutectoid ferrite content at prior austenite grain boundaries is low, the close arrangement of pearlite grains shields the ferrite. The pro-eutectoid ferrite deforms more slowly, therefore, and time to crack initiation is longer.
Future model development will address these two key issues.
1. The generation and deformation of realistic three-dimensional microstructures will allow prior austenite grain boundaries to be mapped and probable paths of crack initiation to be identified. 2. The interaction of pearlite zones and proeutectoid ferrite will be studied and modelled so that time to crack initiation can be predicted for different grades of pearlitic rail steel.
Fig. 9
Snap shot of deformed hexagonal microstructure following 500 dry cycles and 14 500 wet cycles; the darkness of an element corresponds to how much strain has accumulated, which is greater in the ferrite at prior austenite grain boundaries than in the pearlite grains Fig. 10 Example of a more realistic simulated microstructure: grains shown in white with pro-eutectoid ferrite at prior austenite grain boundaries shown in black. The figure shows a cross-section through a three-dimensional microstructure generated using a simulated annealing algorithm
CONCLUSIONS
Detailed examination of worn rail taken from service has indicated that RCF crack initiation and propagation is facilitated by strain partitioning between the pro-eutectoid ferrite and pearlite, with higher percentage hardening and earlier ductility exhaustion of the pro-eutectoid ferrite phase. Many surface microcracks initiated down the border between the strained pro-eutectoid ferrite phase and strained pearlite. RCF crack propagation was facilitated running along these pearlite and highly strained, pro-eutectoid ferrite border zones, within the constraint of the overall strain field. Propagation was also occasionally facilitated by highly strain-flattened, MnS-based inclusions.
The twin disc tests, micro-and nano-hardness tests and metallurgical examinations indicate that the higher the amount of pro-eutectoid ferrite in the rail microstructure, the lower the mean RCF crack initiation life, due to more rapid straining of the pro-eutectoid ferrite when relatively constrained by neighbouring pearlite nodules. However, low proeutectoid ferrite samples gave both the highest mean life and the widest spread of RCF lives. Whether this outcome is characteristic of the higher hardness steel with minimized pro-eutectoid ferrite content remains to be investigated.
The twin-disc test programme was designed to provide a picture of the evolution of shear strain accumulation and hardening with depth and number of load cycles. The detailed nano-hardness data distinguishing ferrite and pearlite has made it possible to define a two-material hexagonal microstructure for use in a 'brick' model. Using this model, the predicted shear strain and hardness are a close match to those observed in the twin-disc tests. Further analysis of the twin-disc results will be used to refine the parameters and further calibrate the model [8, 28] .
Accurate material parameters are vital for modelling crack initiation and this work represents an important step, but microstructure also plays an important role and the two-dimensional, regular hexagonal mesh used currently is not sufficient for comparing crack initiation behaviour in different microstructures. Future work will concentrate on improved microstructural models. 
APPENDIX
